Purpose: Selective inhibition of cyclin-dependent kinases 4 and 6 (CDK4/6) represents a promising therapeutic strategy. However, despite documented evidence of clinical activity, limited information is available on the optimal dosing strategy of CDK4/6 inhibitors. Here, we present an integrated semimechanistic pharmacokinetic/pharmacodynamic model to characterize the quantitative pharmacology of LY2835219, a CDK4/6 inhibitor, in xenograft tumors.
Introduction
Since its discovery almost 30 years ago (1), the retinoblastoma protein (Rb) has received considerable attention for its role in cell-cycle control within the Rb pathway (2) (3) (4) . In early G 1 -phase, Rb binds to the transcription factor E2F1 and prevents the cell from transcribing the proteins required to progress into S-phase (5) . Phosphorylation of Rb by cyclin-dependent kinases 4 and 6 (CDK4/6) destabilizes the Rb-E2F1 complex, thereby allowing E2F1-dependent transcription to resume (4) . This enables the cell to pass through the G 1 restriction point into S-phase (6, 7) . Deregulation of the Rb pathway leads to loss of cell-cycle control, one of the hallmarks of cancer (8) , and subsequent tumorigenesis (2, 3, 9) . Correspondingly, functional loss of the Rb pathway has been observed in a wide range of malignancies, including non-small cell lung cancer, breast cancer, and malignant glioma (2) .
Given its importance in cell-cycle control (4) and the prevalence of pathway deregulation in a wide range of cancers (2) , the Rb pathway is considered a highly validated anticancer drug target (10, 11) . Selective inhibition of CDK4/6, the kinases responsible for phosphorylation of Rb and subsequent progression of the cell through the G 1 restriction point, represents a therapeutic strategy of great interest. Accordingly, there are a number of CDK4/6 inhibitors in development, including LY2835219, which have been shown to prevent phosphorylation of Rb, induce cellcycle arrest, and inhibit tumor growth in preclinical models (10) (11) (12) . However, despite documented evidence of clinical activity (13, 14) , in vivo characterization of the quantitative pharmacology of CDK4/6 inhibitors by means of pharmacokinetic/pharmacodynamic (PK/PD) modeling has not to our knowledge been published.
The objective of this study was therefore to characterize the PK/PD relationship of LY2835219 for CDK4/6 inhibition, cell-cycle arrest, and tumor growth inhibition (TGI) using a semi-mechanistic PK/PD model. The time-course of LY2835219 in plasma was first described by a PK model incorporating two routes of absorption to account for the unusual absorption profile exhibited by this molecule. Second, the time-and concentrationdependent effects of LY2835219 on in vivo target inhibition and resulting cell-cycle arrest in colo-205 xenograft tumors were described by a PD model incorporating phospho-(ser780)-Rb (p-Rb) and phenotypic biomarkers describing cell-cycle dynamics. Third, the effect of LY2835219 on the growth of colo-205 xenograft tumors was quantitatively connected to drug-dependent target inhibition and cell-cycle arrest. An additional concentration-dependent mathematical term driving quiescence and cell death was incorporated to explain further shrinkage and protracted inhibition of tumor growth observed at 100 mg/kg, which could not be accounted for by cellcycle arrest alone. Finally, to demonstrate the predictive utility of the resulting integrated model, the cell-cycle dynamics and growth curves of A375 xenograft tumors were simulated. To our knowledge, this study not only represents the first PK/PD model describing the quantitative pharmacology of a CDK4/6 inhibitor, but also represents the first example of incorporating phenotypic biomarkers into a PK/PD model describing drug-induced cell-cycle arrest and its effect on tumor growth kinetics.
Materials and Methods
In vivo experiments PK experiments. To assess PK in mouse, LY2835219 was administered as a single i.v. bolus dose of 1 mg/kg or as a single oral dose of 3, 12.5, 25, and 50 mg/kg (n ¼ 9 for each dose). Two to three blood samples were collected from each mouse using a staggered sampling strategy at 0.25, 0.5, 1, 2, 4, 8, 12, and 24 hours after dose with an additional collection at 0.08 hours for the i.v. dose.
CDK4/6 and cell-cycle inhibition in colo-205 xenograft tumors. The extent and duration of LY2835219-mediated inhibition of CDK4/6 was assessed by quantification of p-Rb expression, which is specific for CDK4/6 and peaks in late G 1 (7) , in a series of dose-response and time-course studies in mice bearing colo-205 xenograft tumors. The resultant arrest of the cell cycle was evaluated by expression of topoisomerase II a (TopoIIa) and phosphohistone H3 (pHH3) as markers of active progression through the S and G 2 -M phases of the cell cycle, respectively. A standard dose range and sampling strategy was used in the initial experiments to verify target engagement; further studies made use of existing data to refine dose and time point selection. Further experimental details are provided in the Supplementary Data. A summary of the available data is provided in Supplementary Table S1 .
TGI in colo-205 xenograft tumors. LY2835219 was administered daily for 21 days at 25, 50, and 100 mg/ kg and compared with control tumor growth in mice bearing xenograft tumors (n ¼ 8 per dose level). Doses were selected on the basis of assumed p-Rb inhibition requirements for efficacy. A further two groups of mice received 100 mg/kg of LY2835219 for either 14 or 21 days for biomarker determination (n ¼ 5 per group); an additional control group was included for comparison (n ¼ 8). Tumor size was measured every 2 to 7 days for 12 weeks after the first dose.
Cell-cycle and TGI in A375 xenograft tumors. Cell-cycle inhibition in A375 xenograft tumors was assessed by quantification of p-Rb, TopoIIa, and pHH3 in a dose-response study. Tumor tissue was collected at 24 hours after the last dose, following three oral doses of 22.5, 45, and 90 mg/kg of LY2835219 (n ¼ 5 per dose level). Tumor growth was assessed in mice receiving vehicle, 45, or 90 mg/kg of LY2835219 daily for 21 days (n ¼ 8 per dose level). Tumor size was measured every 3 to 4 days for 8 weeks after the first dose.
Development of the integrated semi-mechanistic PK/PD model PK model. The disposition of LY2835219 was described by a two-compartment model with saturable clearance. To account for an increasingly prominent second peak at higher doses, two routes of absorption were incorporated into the model: a fast, saturable absorption route directly into the central compartment and a slow,
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linear absorption route via five transit compartments (Fig.  1 ). The PK model is described by the following differential equations:
A Gut is the amount of drug in the gut, V max,abs and K m,abs describe the saturable absorption, and k a denotes movement of drug from the gut into the transit compartments. For transit compartment 1 to i (where i ¼ 2-5), A Transit,i is the amount of drug in each transit compartment. C Cen and C Per denote the drug concentration and V Cen and V Per denote the volume of the central and peripheral compartments. Q is the intercompartmental clearance, and V max,elim and K m,elim describe the saturable elimination clearance. Initial conditions for each PK model compartment were zero, except for A Gut that was equal to the dose.
Biomarker model. The biomarker model ( Fig. 1) was developed using colo-205 xenograft tumor data and is composed of four transit compartments, each corresponding to early G 1 , late G 1 , S, and G 2 -M cell-cycle phases in a sequential, open-loop manner. The biomarkers, p-Rb, TopoIIa, and pHH3, were used to represent the change in cell phase density in late G 1 , S, and G 2 -M phases, respectively (6, 7, 15, 16) . As the formation of p-Rb occurs at the G 1 restriction point, the drug effect was implemented on the transition between early and late G 1 -phase. A precursor compartment (P; ref. 17 ) was used to empirically represent the accumulation of cells in early G 1 , upstream of the G 1 restriction point. To avoid physiologically implausible accumulation of cells in early G 1 -phase, elimination was included from the precursor compartment (k el ). The biomarker model is described by the following differential equations:
The zero-order input into the precursor compartment, k in , and the drug effect, E Drug , are defined by the following equations, where I max is the maximum drug effect and IC 50 is the drug potency:
The rate constants, k R , k G 1 S , k SG 2 , and k MG 1 , drive the rate of transition of the cells through the restriction point to late G 1 -phase, from late G 1 to S-phase, S-phase to G 2 -M phase, and exit from G 2 -M phase, respectively. The initial phase distribution of the colo-205 cell line (18) was used to adjust baseline levels of the p-Rb, TopoIIa, and pHH3 markers and to calculate the intercompartmental rate constants. Thus, the initial conditions of early G 1 (P 0 ), late G 1 (p-Rb 0 ), S (TopoIIa 0 ), and G 2 -M phases (pHH3 0 ) were equal to 29.1%, 7.1%, 47.3%, and 16.5%, respectively, assuming that early G 1 -phase represents 80% of total G 1 -phase density. As such, the only rate constants estimated in the model are k R and k el . The remaining rate constants are calculated as follows (17):
Tumor growth model. The growth rate of colo-205 xenograft tumors in control mice was described using the model previously developed by Simeoni and colleagues (19) . For treated mice, it was assumed that the tumor growth inhibitory effect of LY2835219 is driven by reduced cell division as a result of cell-cycle arrest. This was incorporated mechanistically, using pHH3 as a marker for reduced density in M-phase. Two additional concentration-dependent processes were incorporated into the model to describe the extent of inhibition observed at higher doses: (i) an irreversible conversion of tumor mass from growing to nongrowing tumor cells to describe protracted TGI observed after the dosing period; and (ii) a cytotoxic component to account for the transient loss of tumor volume observed at the start of the 100 mg/kg dosing period. Growing tumor, T g , and nongrowing tumor, T ng , are described by the following differential equations:
The exponential and linear growth parameters are denoted by l 0 and l 1 , and the cytostatic and cytotoxic effect rate constants are denoted by k stasis and k death . The effect of reduced mitosis on tumor growth, E pHH3 , is given by:
As accelerated tumor growth was not observed upon cessation of LY2835219 treatment, the maximum allowable value of E pHH3 was 1. The concentration-dependent effect on tumor growth, E [LY] , was incorporated as a nonlinear process and is defined as:
The potency and sigmoidicity of the effect of drug exposure on tumor growth are denoted by C 50 and g 2 . The initial weight of the growing tumor (v 0 ) was estimated in the model, whereas the initial weight of the nongrowing tumor was assumed to be zero. The total weight of the tumor was equal to the sum T ng and T g . A schematic of the tumor growth model is given in Fig. 1 .
Model implementation and validation. The data were analyzed in a sequential manner using NONMEM VII (ICON Development Solutions). A population approach was used where longitudinal data were available. Model selection was based on goodness of fit and diagnostic plots, parameter estimate precision, the Akaike Information Criterion (AIC) value, and the Objective Function Value (OFV). Internal validation of the models was performed by graphical comparison of the raw data used to develop the model with the 5th, 50th, and 95th percentiles of 1,000 model simulations [visual predictive check (VPC)]. In addition, external validation was performed by VPC of the model versus experimental data not included in the fitting process, where available.
Results

PK model
The disposition of LY2835219 in mouse was best described by a two-compartment PK model with nonlinear clearance. The double peak absorption profile was accounted for by considering two routes of absorption: an initial saturable absorption route and a slower absorption route via transit compartments. The model successfully described the saturation of the early absorption peak and emergence of the late absorption peak at higher doses (Fig. 2) . The K m,abs value for the fast absorption route corresponds approximately to a 9 mg/kg dose. Bioavailability was found to be, and was set equal to, 1. The model was validated internally and externally over a total dose range of 1 to 100 mg/kg of LY2835219 ( Fig. 2 and Supplementary Fig. S1 ); the model accurately reproduced the LY2835219 plasma concentration-time profiles, with slightly inflated estimates of variability due to the sparse nature of the data.
Biomarker model
The time-course of p-Rb, TopoIIa, and pHH3 in colo-205 after oral administration of LY2835219 was best described by a four-compartment, precursor-dependent, indirect response model. The model successfully described the inhibition of p-Rb formation and the subsequent decrease in TopoIIa and pHH3, with maximum inhibition of each biomarker occurring at progressively later time points in accordance with the observed data (Fig. 3) . The precursor compartment improved model performance by successfully accounting for the rebound observed in the biomarker levels. The I max and IC 50 estimates of 90.6% and 4.93 ng/ mL are consistent with the potent and almost complete inhibition of p-Rb formation by LY2835219. The data used for the external validation were largely reproduced within the 90% confidence interval of the VPC ( Supplementary  Figs. S2 and S3) , with some evidence of inflated variability due to the sparsity of data.
Model simulations using mean parameter estimates for colo-205 demonstrate that average p-Rb levels at steadystate decrease with dose, reaching a minimum of 30% of the control value at a dose of 50 mg/kg, corresponding to steady-state trough plasma concentrations of approximately 200 ng/mL ( Supplementary Figs. S4 and S5) . The amplitude of the fluctuation in p-Rb levels during the dosing interval also decreases with increasing dose, with p-Rb levels constantly maintained at their lowest value over a 24-hour period for doses above 75 mg/kg, corresponding to steadystate trough plasma concentrations above 1,000 ng/mL ( Supplementary Fig. S6 ). The fluctuation in pHH3 levels is less pronounced, and constant maximum inhibition is achieved at doses of 50 mg/kg and above ( Supplementary  Fig. S6 ).
Tumor growth model
The time-course of control colo-205 growth was described by the model previously developed by Simeoni and colleagues (19) , which provided a superior fit to a firstorder growth model. The inhibitory effect of LY2835219 on tumor growth was driven by two separate components: (i) a mechanistic cytostatic component relating the rate of tumor growth to the intensity of the signal in the G 2 -M phase compartment, and (ii) a nonmechanistic concentration- dependent mixed cytostatic and cytotoxic effect accounting for the protracted TGI observed at 100 mg/kg. This concentration-dependent process was deemed to be a sigmoidal relationship with C 50 and g 2 values of 1,240 ng/mL and 5, respectively, consistent with its prevalence at the highest dose. This fully integrated PK/PD model successfully described tumor size change for both control mice and for those treated chronically with LY2835219 over a 25 to 100 mg/kg oral dose range (Fig. 4) . Model simulations using mean parameter estimates for colo-205 reveal that the maximum inhibitory effect attributed to cell-cycle arrest (E pHH3 ) is reached at a chronic dose of 50 mg/kg (Supplementary Fig. S4 ). TGI attributed to plasma concentration (E [LY] ) is negligible at 25 mg/kg, and although present at 50 mg/kg, E [LY] only reaches its full extent at 100 mg/kg (Supplementary Fig. S4 ). This is reflected in simulations of the tumor growth curve, where cell-cycle arrest is shown to be the primary driver of antitumor activity up to 50 mg/kg, becoming more dependent on E [LY] at 100 mg/kg ( Supplementary  Fig. S6 ).
Prediction of TGI in A375 xenograft tumors
The predictive utility of the integrated semi-mechanistic PK/PD model was explored by adapting it to the A375 cell line. First, the biomarker model was recalibrated by adjusting the intercompartmental rate constants based on the observed initial phase distribution of the A375 cell line. This resulted in baseline proportions of early G 1 (P 0 ), late G 1 (p-Rb 0 ), S (TopoIIa 0 ), and G 2 -M phases (pHH3 0 ) of 59.7, 14.9, 20.7, and 4.7%, respectively (20) , assuming early G 1 -phase represents 80% of total G 1 -phase density. The new parameter values for the rate constants, k G 1 S , k SG 2 , and k MG 1 , are given in Table 1 . It was assumed that PK is conserved across different xenograft tumors and that LY2835219 exerts the same extent of CDK4/6 inhibition in A375 as for colo-205. Simulations of the adapted biomarker model demonstrated prediction accuracy for both pRb inhibition and subsequent cell-cycle arrest over a 22.5 to 90 mg/kg dose range (Fig. 5A) . The growth rate of A375 in control mice was then reestimated using the Simeoni model (Table 1 ; Fig. 5B ; ref. 19) , before connecting the adapted biomarker model described above to simulate the antitumor effect of LY2835219. This integrated model adapted to A375 cell line largely predicted LY2835219-mediated TGI at both 45 and 90 mg/kg (Fig. 5B ).
Discussion
In this study, an integrated PK/PD model was developed to provide a quantitative and mechanistic description of the antitumor activity mediated by the CDK4/6 inhibitor LY2835219 in mice bearing human tumor xenografts. The resulting model is an extensive framework relating LY2835219 plasma concentrations to CDK4/6 inhibition, and to subsequent changes in cell-cycle dynamics leading to inhibited tumor growth. Although model development was based on data derived from colo-205, the semi-mechanistic nature of the model structure enabled its successful adaptation to the melanoma xenograft model A375. To our The semi-mechanistic PK/PD model presented in this study was developed in a sequential manner. First, a twocompartment PK model with nonlinear elimination was used to describe the disposition of LY2835219 in mouse. In addition, two routes of absorption were included in the PK model to account for the double peak phenomenon observed after oral administration. The mechanistic basis for the two peaks is currently unclear; the increasing prominence of the second peak with increasing dose suggests that enterohepatic recirculation is unlikely and potential intestinal transporters contributing to LY2835219 absorption remain unidentified. In the absence of a known mechanism, the double peak phenomenon was therefore modeled empirically, similar to a previous approach for alprazolam (21) .
In the second part of this study, LY2835219 plasma concentrations were related to in vivo CDK4/6 inhibition in colo-205, as reflected by changes in p-Rb levels. LY2835219-mediated inhibition of p-Rb formation by CDK4/6 was best described by an indirect response model. A precursor compartment was incorporated into the model to account for the rebound in p-Rb levels observed at 48 hours after dose, which is attributed to the synchronized release into late G 1 -phase of the cells arrested upstream of the restriction point. This is in agreement with previous reports of cell-cycle arrest in early G 1 induced by other CDK4/6 inhibitors (10, 22, 23) . In the absence of a phenotypic biomarker for early G 1 , the first-order elimination rate constant, k el , was included in the precursor compartment. This resulted in a model able to reproduce the observed rebound in p-Rb, while remaining biologically plausible by preventing infinite accumulation of the cell population arrested in early G 1 . Tumor size (mg) Figure 4 . VPC of the tumor growth model in colo-205 xenograftbearing mice after treatment with vehicle or with LY2835219 at 25, 50, and 100 mg/kg for 21 days, and 100 mg/kg for 14 days. Circles, observed colo-205 tumor size data; solid line, the median of 1,000 individuals simulated by the model; shaded area, the 5th and 95th percentiles of the 90% confidence interval around the median prediction. QD, every day.
In addition to CDK4/6 inhibition, the model also describes the changes in cell-cycle dynamics arising from G 1 arrest by including the phenotypic biomarkers, TopoIIa (S-phase; ref. 15 ) and pHH3 (G 2 -M phase; ref. 16 ), as two additional transit compartments downstream of p-Rb. As p-Rb can also be used as a phenotypic biomarker for late G 1 -phase (6, 7) , this extended PD model can be regarded as a simplified integrated cell-cycle model. A closed-loop system linking G 2 -M phase to early G 1 phase was also tested, but proved to be too constrained to describe the downstream effects of CDK4/6 inhibition and did not improve the predictive value of the model. Mitotic doubling was not incorporated as the phenotypic biomarkers express the proportion, rather than the number of cells in each phase. Tumor size (mg) Figure 5 . VPC of the integrated PK/PD model prediction of cell-cycle dynamics and TGI in A375 xenograft tumor following 22.5, 45, and 90 mg/kg of LY2835219 dosed daily for 21 days. A, circles, observed p-Rb, TopoIIa, and pHH3 data in treated A375 xenograft tumors, reported as a percentage of the control value observed in the vehicle group, following 22.5, 45, and 90 mg/kg of LY2835219 daily for 21 days. B, the circles denote observed A375 tumor size data in the groups treated with vehicle or with 45 or 90 mg/kg of LY2835219 daily for 21 days. In every panel, solid line, the median of 1,000 individuals simulated by the model; and shaded area, the 5th and 95th percentiles of the 90% confidence interval around the median prediction. QD, every day.
Despite these simplifications, the model predicted the sequential inhibition of each biomarker and the decrease in magnitude of each successive rebound after a single dose. This is in agreement with previous reports of CDK4/6 inhibition leading to sequential emptying of the cell-cycle phases downstream of the restriction point, followed by an increasing spread of cells across phases upon release from synchronization (11, 24, 25) . It should be pointed out, however, that using the same rate constant between each transit compartment would not have accounted for the different duration of each cell-cycle phase (17, 26, 27) . This was addressed by using the baseline phase density in the cell line (18, 20) to fix the values of the rate constants, k G 1 S , k SG 2 , and k MG 1 . The resulting impact on model prediction is 2-fold: (i) the model was able to account for the expected difference in transit time between the different cell-cycle compartments, and (ii) it could predict a different duration of inhibition of each phase arising from a single dose of LY2835219. In this respect, the model indicates that sustained CDK4/6 inhibition is necessary to achieve durable cell-cycle arrest, which supports the chronic dosing strategy commonly adopted for CDK4/6 inhibitors in the clinical setting (14, 28) . A possible liability to fixing selected rate constants in the model is a reduced ability to capture the maximum inhibition of TopoIIa and pHH3. Nonetheless, the model remains predictive of the change in cell-cycle dynamics resulting from CDK4/6 inhibition after multiple dosing, as indicated by the external validation performed using both colo-205 and A375 data, although the extent of rebound in p-Rb immediately after chronic dosing has not been verified experimentally. Most importantly, the steady-state LY2835219 trough plasma concentrations of 200 ng/mL associated with constant cell-cycle inhibition in the model are in agreement with the clinical concentrations required for p-Rb and TopoIIa inhibition and clinical efficacy in LY2835219-treated patients (29, 30) .
The third part of this study was to relate LY2835219-mediated CDK4/6 inhibition and cell-cycle arrest to TGI and predict the antitumor effect in colo-205. This was achieved by relating the rate of tumor growth to signal intensity in the G 2 -M phase compartment. Further analysis of the model demonstrates, however, that while cellcycle inhibition is the primary driver for LY2835219-mediated antitumor activity up to 50 mg/kg, it is unable to explain the protracted TGI observed at 100 mg/kg (Fig.  4 and Supplementary Fig. S6 ). This is in agreement with the biomarker data collected after repeated dosing of 50 and 100 mg/kg, which indicate only partial cell-cycle arrest ( Fig. 3 and Supplementary Fig. S5 ). As a result, a nonmechanistic concentration-dependent mixed cytostatic and cytotoxic effect was incorporated into the model to account for the more profound and protracted TGI observed at 100 mg/kg. This aspect of the model suggests that increasing plasma exposure beyond that achieving maximum cell-cycle inhibition may yield additional antitumor activity in a subset of sensitive xenograft cell lines, such as colo-205 (31) . Work is currently ongoing to further understand the mechanistic basis for this phenomenon; preliminary results demonstrate a sustained increase in an apoptotic biomarker, cPARP (32) , and a G 0 biomarker, p130 (33), following daily dosing of 100 mg/kg in mice bearing colo-205 xenograft tumors, whereas the same increase is only transient at 50 mg/kg (data not shown). Such data support the hypothesis that sustained CDK4/6 inhibition leads to cell quiescence and cell death in sensitive xenograft tumors, such as colo-205 and A375 (31) , and further support the model structure.
Finally, the integrated semi-mechanistic PK/PD model developed in this study was successfully used to predict LY2835219-mediated growth inhibition in A375 xenograft tumors. This was achieved by recalibration of the systemrelated parameters, including cell phase distribution and control tumor growth rate. The successful prediction of LY2835219-induced cell-cycle arrest in two cell lines suggests that our modeling framework could be used to investigate the quantitative pharmacology of CDK4/6 inhibition in other cell lines of interest. In addition, the model could potentially be broadened and adapted to other types of cellcycle inhibitors, thereby enabling the prospective investigation of various anticancer therapeutic strategies relevant to cell-cycle inhibition. Further investigation with additional cell lines and/or cell-cycle inhibitors is warranted.
In conclusion, we have developed an integrated semimechanistic PK/PD model to describe and quantify the antitumor activity of LY2835219 in colo-205 and A375 xenograft tumors in mouse. The plasma concentrations of LY2835219 were related to CDK4/6 inhibition and to subsequent cell-cycle arrest, which was further connected in a quantitative manner to TGI. The resulting model represents a nested multi-scale systems pharmacology framework using middle-out principles (34) . As a result, a nonclinical proof-of-concept was established and the potential of CDK4/6 inhibitors as anticancer agents was demonstrated. Moreover, this quantitative approach provides translational insight into minimally efficacious plasma exposures and supports the current clinical chronic dosing strategy as central to achieving durable cell-cycle inhibition (14, 29) . Finally, the model indicates that additional antitumor activity may be achieved by escalating LY2835219 exposure beyond levels yielding an initial cytostatic effect. Overall, the modeling framework developed in this study provides a robust mechanistic and quantitative characterization of the antitumor activity mediated by the CDK4/6 inhibitor LY2835219. The model was of critical importance to inform the clinical development strategy in both a prospective and concurrent manner, namely in the use of a chronic dosing strategy, and PD biomarker selection and interpretation. It is also anticipated that this mechanistic framework may be applied to the quantitative study of cell-cycle inhibitors with alternative mechanisms to improve translation to a clinical setting. 
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